Abstract Dobrava-Belgrade virus (DOBV) is a hantavirus that causes a disease in humans known as hemorrhagic fever with renal syndrome. Hallmarks of hantaviral infections are increased vascular permeability due to dysregulation of the endothelial cell barrier and acute thrombocytopenia. In order to gain insight into the immune response in DOBV infections, the serum levels of 27 cytokines in 24 hospitalized Greek HFRS patients were evaluated. Compared to the control group, significantly higher IL-1ra, IL-6, IL-8, IL-9, IL-10, GM-CSF, IP-10, MIP-1b, TNF-a and VEGF levels were found in severe cases, while in non-severe cases, IL-13 and TNF-a levels were significantly higher (p \ 0.05). In all groups, IP-10 was increased and RANTES was decreased. Significant and time-(after onset of illness) dependent differences among fatal, severe and non-severe cases were seen. VEGF was positively associated with disease severity. A strong immune response was seen during the first week of illness, especially in severe cases, while the response in nonsevere cases was weaker and delayed. The Th1 response was strong in non-severe cases and weak in the fatal case, while a mixed Th1/Th2 immune response was seen in the survivors of severe disease.
Introduction
Hantaviruses (genus Hantavirus, family Bunyaviridae) cause two clinical syndromes in humans: hemorrhagic fever with renal syndrome (HFRS) in Asia and Europe and hantavirus pulmonary syndrome (HPS) in the Americas [6] . Hallmarks of both syndromes are increased vascular permeability due to dysregulation of the endothelial cell barrier and acute thrombocytopenia. Humans become infected after inhalation of aerosolized excreta of persistently infected (but asymptomatic) rodents. The most severe form of HFRS in Europe is caused by DobravaBelgrade virus (DOBV), and especially by the genotypes associated with Apodemus flavicollis and Apodemus ponticus rodents, which serve as natural reservoir hosts of the virus [8, 11, 19] . After an incubation period of 2-42 days (usually 2 weeks), HFRS starts with a febrile, flu-like illness lasting 3-7 days, followed by hypotension and oliguria (or even anuria) that may result in fatal shock. Glomerular and tubular disorders lead to kidney dysfunction and acute renal failure [10] ; hemodialysis is often required. Recovery occurs after a polyuric phase, which usually starts in the second week of illness. Hemorrhagic manifestations may appear towards the end of the febrile phase, while renal failure occurs during the hypotensive phase; pulmonary involvement is present in several cases, and sometimes acute respiratory distress syndrome (ARDS) develops [1, 19] .
Hantaviruses infect and replicate predominantly within vascular endothelial cells [27, 28] . Since no cytopathogenic effect is seen in endothelial cells, it has been suggested that the underlying hyperpermeability mechanisms are more complex, that humoral and cellular components of the adaptive and innate immunity contribute to hantavirus-induced disruption of the endothelial barrier, and that the extent of vascular and renal dysfunction determines the severity of the disease [24] . The observation of overproduction of inflammatory cytokines, known as a ''cytokine storm'', gave rise to the hypothesis that it may play a major role in the pathogenesis of HFRS [7] . There have been several studies indicating the potential key role of some cytokines and chemokines in hantavirus infections and their correlation to disease severity [12-14, 26, 28] . However, studies focused specifically on DOBV pathogenesis are lacking, and the currently available studies on the immune response in DOBV infections are based on a limited number of cytokines [9, 12, 22, 25] . In order to investigate the immune response in patients with acute DOBV infection, we analyzed the levels of 27 cytokines, chemokines, and growth factors during the acute phase of the disease.
Materials and methods

Patients and healthy subjects
Thirty serum samples collected during 2003-2015 from 24 hospitalized Greek HFRS patients (21 males) were included in the study. The patients' ages ranged from 21 to 70 years (median age, 34.5 years). The samples were collected 5-13 days (mean 8.9 days) after onset of the symptoms.
Fever, myalgia, and malaise were present in all patients, while the majority of them had acute renal failure (elevated creatinine and urea levels) and thrombocytopenia (platelets \100,000/mm nd day of illness); the first two were included in the general analysis, since an inclusion criterion was that the samples be taken up to 14 days after the onset of the illness. Among the 23 survivors, 13 had severe disease: three were admitted to the Internal Care Unit (ICU), three had symptoms of the respiratory system (two had acute respiratory distress syndrome, ARDS), six had hemorrhagic manifestations, one had rhabdomyolysis, and 10 underwent hemodialysis.
Based on the week of illness, the samples from the survivors were divided into two groups: group A included 11 samples taken from nine HFRS patients during the first week of illness, and group B included 17 samples from 15 patients during the second week of illness (Table 1) . Serum samples from 16 apparently healthy individuals (nine males), aged 18-65 years (median age, 45 years) were included in the study as a control group. All samples were kept at -70°C until analysis.
Laboratory diagnosis
Laboratory diagnosis was performed using serological and molecular methods. For the detection of IgM and IgG antibodies, commercial ELISA kits (Anti-Hanta Virus Pool 1 ''Eurasia'', Euroimmun Medizinische Labordiagnostika AG, Luebeck, Germany) and in-house indirect immunofluorescence assays were used. Serum samples were additionally analyzed applying a bunyavirus immunoblot IgM and IgG test (recomLine Bunyavirus IgG/IgM, Mikrogen GmbH, Neuried, Germany) with recombinant antigens of four serotypes of hantaviruses (DOBV, Hantaan, Puumala and Seoul viruses). RT-nested PCR was applied on RNA extracted from patients' serum or blood samples using a QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) [18] . All PCR products were sequenced in a 3130 ABI Genetic Analyser, and the obtained nucleotide sequences were compared to the corresponding sequences available in GenBank database using the Basic Local Alignment Search Tool (http://www.ncbi.nlm.nih. gov/BLAST/).
Quantification of serum cytokines
The serum levels of 27 cytokines were measured using a Bio-Plex TM Suspension Array System (Bio-Rad Laboratories, CA), following the manufacturer's instructions. The cytokines tested were IL-1b, IL-1 receptor antagonist (IL1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, eotaxin, basic fibroblast growth factor (FGF-basic), granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), IFN-c, IFN-inducible protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1a (MIP-1a), MIP-1b, plateletderived growth factor-bb (PDGF-bb), regulated-on-activation normal T-cell expressed and secreted (RANTES), TNF-a and VEGF. The ratio IL10/TNF-a was used as a measure of the balance between the T helper type 1 (Th1) and Th2 immune responses.
Statistical analysis
Statistical analysis was performed using SPSS 22 (IBM Inc.). The evaluation of differences in cytokine levels between the patient and control groups was done using the nonparametric Mann-Whitney U test. The Mann-Whitney U test or Kruskal-Wallis test was conducted in order to evaluate the significance of independent continuous variables between HFRS groups. Binary logistic regression analysis was applied to define associations between the course of the disease and cytokine levels. The significance level was set at a p-value of \0.05. 
Results
Using serological and molecular methods, it was shown that all HFRS cases were caused by DOBV. The RT-nested PCR was positive in 19 out of 24 (79.2 %) cases, and all of the sequences that were obtained were similar to that of DOBV associated with A. flavicollis [18] .
The mean values of the 27 cytokines in non-severe, severe and fatal HFRS cases and in the control group are shown in Table 2 . Compared to the control group, severe cases had significantly higher IL-1ra, IL-6, IL-8, IL-9, IL-10, GM-CSF, IP-10, MIP-1b, TNF-a and VEGF levels, while non-severe cases had significantly higher IL-13 and TNF-a levels (p \ 0.05). In both groups, RANTES was significantly lower than in the control group (p \ 0.05). The two samples from the fatal case had decreased levels of several cytokines, including IL-2, INF-c, PDGF, and VEGF, while they had the highest levels of IP-10. Significant differences between fatal and severe cases were seen in the levels of IL-2, IL-13, IL-15, GM-CSF, IFN-c, VEGF (lower levels in the fatal case), and IP-10 (higher levels in the fatal case). IL-1ra, IL-6, IL-8, IL-9, IL-10, IL-13, IL-15, GM-CSF, IFN-c, IP-10, MIP1a, MIP-1b, and VEGF were significantly higher in severe HFRS cases than in non-severe cases (p \ 0.05). The mean IL-10/TNF-a ratio was higher in the fatal case (4.74), moderate (2.25) in the severe cases, and low (0.81) in the non-severe cases. Th1 predominated in the non-severe cases (IL-10/TNF-a ratio \1, p \ 0.05) ( Table 2) .
To find out the most significant factors associated with severe disease, logistic regression analysis was performed. Univariate logistic regression analysis showed that high IL-8, IL-10 and VEGF levels were significantly associated with severe disease (Table 3 ). In multivariate logistic Table 2 Mean values (pg/ml) of the 27 cytokines in non-severe (NS), severe (S) and fatal (F) HFRS patients and in the control (C) group. Significant p-values between groups are shown (Mann-Whitney test). N, number of samples Regarding the time after onset of the disease, significant differences in cytokine levels were seen between group A (first week of illness) and group B (second week of illness) (Fig. 1) . Specifically in the first week of illness, the mean levels of IL-1b, IL-1ra, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-17, eotaxin, FGF, TNF-a and VEGF were significantly higher in severe cases than in non-severe cases, while IL-8, IL-10 and VEGF were also higher during the second week of illness (p \ 0.05).
It is of interest that the significantly affected cytokines in the first and second week of illness in severe cases were different from those in the non-severe cases. Specifically, IL-1ra, IL-4, IL-13, G-CSF, eotaxin, IP-10, MCP-1, and PDGF were increased significantly compared to the control group in the first week in severe cases, while IL-6, IL-8, IL-9, IL-10, GM-CSF and MIP-1b were increased in the first week in severe cases and remained significantly increased in the second week; TNF-a and VEGF were increased in the first week in severe cases and remained significantly increased in the second week, while in the non-severe cases, they were increased only in the second week; RANTES was significantly lower in both weeks in the severe cases, while in the non-severe cases, it was significantly lower in the first week and increased significantly in the second week (p \ 0.05).
Discussion
It is generally accepted that most features of viral hemorrhagic fevers are caused by innate immune responses, since the systemic spread of virus to macrophages and dendritic cells leads to the release of mediators that modify vascular function and have procoagulant activity [4] . A cytokine storm has been suggested to play a major role in the pathogenesis of HFRS [7] . The present study was focused on patients with DOBV infection. Significant differences in the cytokine levels were seen between non-severe, severe, and fatal cases, which were time-dependent (time after onset of the symptoms). A strong immune response was seen during the first week of illness, especially in the severe cases, while the response in the non-severe cases was weaker and delayed.
TNF-a is an early-phase pro-inflammatory cytokine. It was elevated in both severe and non-severe survivors, while it was not in the fatal case. Elevated IL-6, IL-8, IL-10, IP-10, and MIP-1b levels were seen in the fatal and severe cases, differing significantly from the non-severe cases. In previous studies, IL-6, IL-10, TNF-a have been related to severe and/or fatal cases [2, 12, 13, 17, 22] . Increased VEGF levels were seen in the survivors (with severe or non-severe disease), being higher in those with severe disease, while extremely low VEGF levels (below the control group) were seen in both samples from the fatal case (Table 2) . Two additional serial samples (third and fourth) were available from the fatal case: VEGF remained low in the third serial sample and became undetectable in the fourth sample which was taken one day before death. Logistic regression analysis showed that VEGF was the cytokine significantly associated with disease severity. The higher VEGF level in severe cases can be explained by the increased need for endothelium repair in these cases. The elevation was seen even from the first week of illness and increased further in the second week, while in non-severe cases, the elevation was seen only in the second week of illness. The association of VEGF with repair of vascular damage in HFRS has been reported previously [25] .
RANTES was decreased in all HFRS cases, including the fatal one. Given that platelets are the major reservoir of RANTES in the peripheral circulation, the noted low levels may be related to decreased production due to the thrombocytopenia seen during the disease. Downregulation of cytokines associated with platelet numbers and function consistent with thrombocytopenia has been reported also for HPS patients [16] . Furthermore, RANTES has been also negatively correlated with the outcome of the disease in patients with Crimean-Congo hemorrhagic fever (CCHF) [20] .
The Th1 immune response plays a key role in antiviral immunity, favoring viral clearance. This response was decreased in the fatal case of the present study, since IL-2, IL-12, TNF-a, and IFN-c levels were extremely low, and the Th2/Th1 ratio was high (4.74), suggestive of predominance of the Th2 response. In contrast, these cytokines were increased in the group of the survivors (with severe or non-severe disease), suggesting an early and effective Th1 activation, which resulted in a favorable outcome. However, the Th2/Th1 ratio differed significantly between severe and non-severe cases (2.25 and 0.81, respectively, p \ 0.05). Based on these results, we concluded that the Th1 response was high in the non-severe cases and low in the fatal case, while a mixed Th1/Th2 immune response The mean values for cytokines are shown. N, number of samples was seen in the survivors of severe disease. A mixed Th1/ Th2 immune response has also been reported for HPS patients, and it has been shown that the magnitude of Th1 response effector cytokines is correlated to HPS severity [3] . An association between a mild form of HFRS caused by Puumala virus and elevated levels of IFN-c and IL-12 has also been observed, which led the authors to suggest that the administration of exogenous IFN-c and IL-12 may provide antiviral benefits for the treatment of HFRS and thus warrants further investigation [7] . The level of IL-13, which is a cytokine produced by T lymphocytes, was also extremely low in the fatal case, significantly lower than in survivors with severe disease. It is of interest that the MIP1a level was also decreased (below that of the control group) in the fatal case, while MIP-1b was on average fourfold higher than that of the control group (but lower than in the severe cases) ( Table 1 ). In fact, MIP-1a and MIP-1b chemokines attract distinct populations of lymphocytes with MIP-1a having greater effects than MIP-1b, particularly on B cells [23] . The proinflammatory chemokine IP-10 was increased in all HFRS cases, with the highest levels being observed in the fatal case. Expression of IP-10 is seen in many Th1-type inflammatory diseases, and it is thought to play an important role in recruiting activated T cells to sites of tissue inflammation [5] . A correlation of IP-10 with the viral load in CCHF patients has been reported recently; given that the viral load is critical for the outcome of the disease, it was suggested that IP-10 plays an important role in the pathogenesis of the disease [21] . Furthermore, the most significant change in cytokine expression in HFRS cases caused by another hantavirus, Puumala virus, was observed for IP-10, which increased tenfold over the control value at the onset and remained elevated through the oliguric phase, progressively decreasing to a value approximately fivefold over controls by the convalescent phase [2] . In conclusion, the present study showed that the cytokine patterns differ between severe and non-severe DOBV HFRS cases and that an early and efficient Th1 response is critical for the patient's survival. The immune response is the result of numerous interactions and networks of several factors, including cytokines. Systems biology approaches are currently being used to curate the innate immunity interactome and to provide insight into the cross-talk between innate immunity pathways and other biological processes [15] . Similar approaches could enable a better understanding of the immune response in HFRS that may help to guide future studies for drug design.
